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Endo-activityHuman chitotriosidase (HCHT) is a family 18 chitinase that is an innate part of the immune system.
We have mapped preferred productive binding modes of chito-oligosaccharide substrates to HCHT
and the data show that HCHT has strong binding afﬁnity in the +3 subsite. Moreover, HCHT shows
anomer-speciﬁc binding afﬁnities in subsites +2 and +3. These features could endorse HCHT with
higher endo-activity and a higher transglycosylation potential.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Chitin, a crystalline polymer consisting of b-1–4 linked N-acetyl
glucosamine units, is an abundant structural polysaccharide
appearing in exoskeleton of arthropods and the cell wall of fungi
[1]. Humans do not possess chitin, but do have active chitinases re-
ferred to as Acidic Mammalian Chitinase (AMCase; [2]) and Human
Chitotriosidase (HCHT; [3]) (E.C numbers: 3.2.1.14), that are be-
lieved play roles in anti-parasite responses [4–6]. HCHT is synthe-
sized and secreted as a 50-kDa two-domain protein in human
macrophages. A considerable amount of produced enzyme is rou-
ted to lysosomes and processed into a 39-kDa isoform, lacking
the C-terminal chitin binding domain.
The two human chitinases share considerable sequence and
structural similarity, but current literature data indicate several
(possible) functional differences. AMCase has a high acid tolerance
which has been ascribed to the presence of His208, His269, and
Arg145 near the catalytic residues, where HCHT has Asn208,
Arg269, and Gln145 [7]. It has been suggested that HCHT is acting
as an endo-enzyme, whereas AMCase probably primarily acts as
an exo-enzyme [2,8–11]. Finally, there are indications that HCHT
has a particularly high transglycosylation activity [12]. Endo-activ-
ity would beneﬁt from an extended substrate binding cleft with
more than two subsites on each site of the catalytic center wherecleavage takes place. High oligosaccharide afﬁnity in multiple po-
sitive subsites have been shown to be beneﬁcial for transglycosyla-
tion activity [13].
While the structures of AMCase [7] and HCHT [14] are known,
there are no structures of complexes with longer ligands that could
provide comprehensive insight into the subsite structure of the en-
zymes. The presence of stretches of aromatic residues, including a
conserved Trp-Tyr-Trp-Trp motif spanning an area corresponding
to what could be subsites 6 to 1 and a Trp-Trp motif in the +1
and +2 subsites (using the nomenclature proposed by Davies
et al. where subsites are labeled from n to +n, n represents
the non-reducing end and +n the reducing end, and with cleavage
taking place between the 1 and +1 subsites. [15]) suggests ex-
tended substrate-binding clefts in both enzymes (Fig. 1). A similar
aromatic motif is found in the well studied ChiA of Serratia marces-
cens for which structural data have shown that a chito-octamer
binds from 6 to +2 [16], and substrate degradation studies have
shown that the polymer is degraded from the non-reducing end
towards the reducing end [17,18]. Moreover, comparisons of
thermodynamic signatures of ligand binding between HCHT and
ChiA suggest that HCHT degrades chitin with the same directional-
ity as ChiA [10,19]. This suggests that +1 and +2 are product release
subsites in ChiA and HCHT in processive hydrolysis of polymeric
chitin. Processive mechanism has been observed for both ChiA
and HCHT [11,20]. The situation beyond subsite +2 for HCHT, AM-
Case, and ChiA, is less clear. Still, chito-oligosaccharide degradation
by ChiA clearly show substrate binding afﬁnity in a subsite +3 that
has been linked to its endo-activity [21].
Fig. 1. Aligned crystal structures of HCHT, (top left [9], 1guv) AMCase, (top right [7], 3fxy), ChiA from S. marcescens (bottom left [36], 1ehn), and ChiC (bottom right [30],
4axn). Aromatic amino acids lining the substrate-binding cleft and known to be important determinants of enzyme properties [37,38] are colored blue. Individual subsites are
marked for HCHT.
K.B. Eide et al. / FEBS Letters 587 (2013) 3508–3513 3509In this work, we have investigated productive binding of chito-
oligossaccharides to assess potential substrate afﬁnity in positive
subsites outside of the substrate binding cleft in HCHT.
2. Materials and methods
2.1. Chemicals
N-Acetylated chito-oligosaccharides were purchased from Sei-
kagaku (Tokyo, Japan). Puriﬁed bovine serum albumin (BSA) was
purchased from New England Biolabs (Ipswich, MA, USA). Dihy-
droxy benzoic acid (DHB), and all other chemicals were purchased
from Sigma (St. Louis, MO, USA).
2.2. HCHT expression and puriﬁcation
The HCHT gene was expressed in Pichia pastoris and puriﬁed as
described previously [11].
2.3. Degradation of N-acetylated-glucosamine oligomers
(GlcNAc)4 to (GlcNAc)6 were dissolved to a concentration of
100 lM in 50 mM sodium acetate buffer pH 4.2 containing
0.1 mg ml1 BSA. HCHT was added to a concentration between
1 nM and 25 nM depending on the substrate. Hydrolysis reactions
were run in a shaking water bath at 37 C. Aliquots where with-
drawn at several time points and enzyme activity was quenched
by adding an equal volume of 100% acetonitrile.
2.4. High performance liquid chromatography (HPLC)
Immediately after quenching, the reaction products were ana-
lyzed by HPLC using an Amide 80 column (Tosoh Bioscience, Mont-gomeryville, PA, USA) coupled to a Gilson Unipoint HPLC system
(Gilson; Middleton, WI, USA). The reaction products were eluted
isocratically at 0.7 ml/min with 70% acetonitrile at room tempera-
ture. UV absorbance of the chito-oligosaccharides was measured at
210 nm and quantiﬁed by measuring peak areas. Chromatograms
were collected and analyzed using the Chromeleon software (Dio-
nex, Germiering, Germany). Peak areas were compared to peak
areas obtained by use of standard samples with known concentra-
tions of chitooligosaccharides. Peak areas versus concentration of
oligosaccharides produced a linear plot in the concentration range
measured in this work. To minimize mutarotation of a/b anomers
of the reaction products the samples were analyzed immediately
after quenching.
2.5. Initial hydrolysis of (GlcNAc)5 in H
18
2 O
To determine substrate positioning in the active site of HCHT ini-
tial hydrolysis assays of (GlcNAc)5were performed inH
18
2 O (Larodan
Fine Chemicals, Malmö, Sweden). The hydrolysis were executed at
37 C and 600 rpm in H182 O containing 0.05 M NaAc (pH 4.2),
300 lM (GlcNAc)5 and 25 nM HCHT. Aliquots were withdrawn at
several time points within 120 s. The reactions were quenched by
mixing with DHB and then spotted directly on the MALDI target.
As a control experiment (GlcNAc)5 were incubated without the
enzyme at 37 C and 600 rpm to assess the rate of nonenzymatic
incorporation of 18O at the anomeric center. This experiment
showed no incorporation of 18O within 120 s.
2.6. Matrix assisted laser desorption ionization time of ﬂight (MALDI
TOF) mass spectrometry
Immediately after quenching the reaction with acetonitrile, 1 ll
of the resulting solution was mixed with 1 ll matrix solution
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was spotted on a target plate and dried at room temperature. MS
experiments were conducted using an Ultraﬂex™ TOF mass spec-
trometer (Bruker Daltonik GmbH, Bremen, Germany) with gridless
optics under control of Flexcontrol 4.1. Experiments were con-
ducted using an accelerating potential of 20 kV in the reﬂector
mode.
3. Results
Productive binding of (GlcNAc)5 to HCHT was undertaken in
H182 O and obtained products were analyzed using MALDI-TOF-MS
(Fig. 2). Newly formed reducing ends resulting from the hydrolysis
will contain 18O and can easily be distinguished from the old
reducing end on the parent (GlcNAc)5 in the MS analysis [22].
The distribution of (GlcNAc)3 with 16O and 18O will for this reason
indicate whether (GlcNAc)5 has been situated in subsites 2 to +3
or 3 to +2 prior to hydrolysis (Fig. 2). Our results show the forma-
tion of (GlcNAc)3 with an average of 20% containing newly formed
isotopic labeled reducing ends pointing to that 80% of (GlcNAc)5
binds productively from 2 to +3 conﬁrming the preference of a
subsite +3. Nonenzymatic incorporation of 18O on the reducing
end was not detected.
Productive binding of (GlcNAc)6, (GlcNAc)5, and (GlcNAc)4 to
HCHT was also analyzed using HPLC under conditions that permit-
ted determination of both the concentrations and the b/a-anomerFig. 2. MALDI-TOF-MS analysis of (GlcNAc)5 in H
18
2 O. The full spectrum is shown in the to
parent (GlcNAc)5 (right) where (GlcNAc) is abbreviated as A. Them/z value of 650 corresp
an 18O instead of 16O increases the m/z value to 652.The results show a clear preferenceratios of substrates and products (Fig. 3). The a- and b-anomers of
chito-oligosaccharides exist in an equilibrium ratio of about 60% a
and 40% b, while newly formed reducing ends will have the b-ano-
meric conﬁguration [23]. All a-anomeric oligomers must originate
from the original reducing end of the substrate, although this is not
absolute since a minor fraction of newly formed b-anomers will
convert to b-anomers through mutarotation during the (mini-
mized) time needed for sample handling and HPLC analysis.
Generally, the anomeric ratios of the products showed a strong
dominance of b-anomers. This dominance cannot be explained by
the retaining mechanism of family 18 chitinases alone [23], but
must also reﬂect a preference for selectively cleaving b-anomers
of the substrate; i.e. there must be preferences for b-anomeric
reducing end conﬁgurations in the positive subsites. Such prefer-
ences in the +2 subsites have indeed been observed in ChiB from
S. marcescens [24], an enzyme with at least three positive subsites
[25] and AMCase [7], and may be due to an unfavorable interaction
between the terminal hydroxyl group of the a-anomer with the NH
group on the indole ring at a Trp in the +2 subsite [7]. This Trp
(Trp218; Fig. 1) is also present in HCHT and AMCase.
(GlcNAc)5 is converted to dimers and trimers and the dimer oc-
curs mainly as b-anomers. This indicates that productive binding
predominantly involves subsites 2 to +3 and is in accordance
with the results obtained from the isotope labeling experiments
shown above. The trimer has a considerably lower dominance of
b-anomers, a dominance that may result from both somep left panel while lower panels are focused on the resulting (GlcNAc)3 (left) and the
onds to the sodium adduct of (GlcNAc)3 with a water molecule. The incorporation of
for productive binding in subsites 2 to +3 as depicted in the top right panel.
Fig. 3. Hydrolysis of the different GlcNAc oligomers by HCHT. The left panels show HPLC-based time course plots for the degradation of 100 lM (GlcNAc)6 (upper panel)
(GlcNAc)5 (middle panel) and (GlcNAc)4 (lower panel). . (GlcNAc)6,  (GlcNAc)5, N (GlcNAc)4, d (GlcNAc)3, j (GlcNAc)2. The relative higher abundance of (GlcNAc)3
compared to (GlcNAc)2 during (GlcNAc)5 degradation likely reﬂects the dominance in (2 to +3) binding compared to (3 to +2) resulting in more (GlcNAc)2 compared to
(GlcNAc)3 serving as sugar donor to (GlcNAc)5 in transglycosylation reactions. This is in accordance with the work of Aguilera et al. where (GlcNAc)7 is the main
transglycosylation product when (GlcNAc)5 is the substrate [12]. The right panels show HPLC chromatograms for samples taken after 10 s (i.e. relatively early during the
reaction, during the fast ﬁrst phase) that reveal the a/b anomeric ratios of the products; these ratios are indicated in the ﬁgures. The equilibrium a/b ratio for the starting
material is 60/40. The ratios visualized in the ﬁgures provide information on possible selective binding of one of the substrate anomers and on preferential productive binding
modes (new reducing ends are b); see text for discussion.
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through a b-anomer preference in subsite +3.
Hydrolysis of (GlcNAc)6 yielded (GlcNAc)3 as the major product
and equal amounts of (GlcNAc)4 and (GlcNAc)2 as minor products.
The tetrameric and dimeric products are both predominantly in the
b-anomer form that may be explained in two ways. Firstly, there
could be binding from 4 to +2 with a b-anomer preference in+2; secondly, one could envisage binding from 2 and towards
positive subsites. Both binding modes were conﬁrmed by MALDI-
TOF-MS analysis indicating production of (GlcNAc)8, a transglyco-
sylation product from combination of (GlcNAc)6 and (GlcNAc)2
after productive binding from 2 towards positive subsites, and
(GlcNAc)10, a transglycosylation product from combination of (Glc-
NAc)6 and (GlcNAc)4 after productive binding from 4 to +2, were
3512 K.B. Eide et al. / FEBS Letters 587 (2013) 3508–3513observed (Fig. 4). Moreover, (GlcNAc)9 is also observed that would
be the transglycosylation product from combination of (GlcNAc)3
after productive binding from 3 to +3 and (GlcNAc)6.
Hydrolysis of (GlcNAc)4 yielded only (GlcNAc)2 with a b/a-ratio
of 87/13 indicating that only binding from 2 to +2 occurs with a
b-anomer preference in subsite +2.
Previously, it has been shown that the mutarotation of the a-
GlcNAc to the b-anomer is relatively slow with a determined ﬁrst
order rate constant of 2.20  104 s1 [26]. Interestingly, the rates
of GlcNAc-oligomer degradation tend to decelerate with time.
Using the concentration vs. time points obtained from the HPLC
analysis and assuming ﬁrst order conditions, very crude estima-
tions of rate constants for the slow phases of the oligomer degrada-
tions were calculated to be in the order of 2  104 s1; a value
that is remarkably similar with the determined rate constant for
the mutarotation. This may indicate that mutarotation becomes
the rate determining step in oligomer hydrolysis, supporting the
idea that there are b-anomer preferences in subsites +2 and +3.
4. Discussion
Bacteria using chitin as energy and carbon source tend to have
‘‘complete’’ chitinolytic machineries in that they have exo-acting
processive chitinases degrading the polymer from opposite direc-
tions in addition to true non-processive endo chitinases acting syn-
ergistically as seen for S. marcescens [24], which is the one of the
most efﬁcient microorganism on chitin hydrolysis [27,28]. As the
human immune system does not exhibit a ‘‘complete’’ chitinolytic
machinery, human chitinases must demonstrate effective degrada-
tion capabilities, without the complementarities offered via syner-
gistic enzymes, related to the vital part of their fungistatic effect
since association with the insoluble polymer is the rate-determin-
ing step in chitin hydrolysis [29]. To this, it is interesting to observe
that the moderately processive and endo-acting ChiA that resem-
bles HCHT and AMCase is both faster and more efﬁcient in a-chitin
degradation, the most recalcitrant form of chitin, than ChiB (more
processive, (more) exo) and ChiC (non-processive, true endo) in S.
marcescens [24].
Previous work has shown that HCHT is moderately processive
and is endo-acting on the soluble substrate chitosan [11]. More-
over, ligand binding to the true endo-acting ChiC with its shallow
and open substrate binding cleft [30], and thus highly exposed to
the solvent, is accompanied with large and positive solvation
entropy changes (TDSsolv = 39.3 kJ/mol) [19], and this value isFig. 4. MALDI-TOF-MS analysis of products obtained during the early phase of a react
presence of longer oligomeric products after incubation with HCHT (right panel; le
transglycosylation.matched by HCHT (TDSsolv = 41.8 kJ/mol), again suggesting a
degree of endo-activity to HCHT. The substrate degradation studies
show that the +3 subsite in HCHT signiﬁcantly contributes to sub-
strate binding during hydrolysis. For ChiA, it has been shown that
stacking of a sugar moiety with the Trp-residue in the 3 subsite
(Trp167 in ChiA, Trp31 in HCHT) yields a considerable 7.5 kJ/
mol in binding free energy [31]. Thus, the fact that a pentamer pri-
marily binds from 2 to +3 in HCHT, despite the presence of Trp31
indicates that there must be considerable binding energy in the +3
subsite. Previous studies have indicated that HCHT has high trans-
glycosylation activity that may be observed without applying typ-
ical ‘‘transglycosylation conditions’’ (high substrate and enzyme
concentrations) [12]. The high transglycosylation activity of HCHT
further supports the idea that this enzyme has relatively strong
binding afﬁnities in the positive subsites as high afﬁnity for sugar
acceptors is known to promote transglycosylation activity in fam-
ily 18 chitinases [13,32].
Substrate-association is the rate-limiting step in enzymatic
degradation of chitin [29] and high afﬁnity subsites clearly help
in overcoming this barrier. It is quite conceivable that the most
challenging binding mode of all, namely binding in an endo
fashion, depends on the presence of binding afﬁnities beyond both
the 2 and the +2 subsites. ChiA has many negative subsites
(Fig. 1; [16]) and, as discussed above, at least three positive
subsites. This extended substrate-binding cleft, extending ‘‘on both
sides’’ of the catalytic center beyond subsites 2 and +2, correlates
with the observation that this enzyme indeed exhibits endo-
activity in addition to its ability to degrade chitin chains
processively from the reducing end [17,33,34]. The substrate-bind-
ing cleft of HCHT has the openness that is generally thought to
promote endo-binding [9]. This may confer considerable endo-
activity on HCHT. It is interesting to note that endo-activity
reduces the need for association to only chain ends for productive
binding, thus increasing the number of binding sites on chitin
containing materials dramatically. This could promote the
fungistatic effect observed for HCHT [35].
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